Calcium signaling critical to neural functions is mediated through Ca 2؉ channels localized on both the plasma membrane and intracellular organelles such as endoplasmic reticulum. Whereas Ca 2؉ influx occurs via the voltage-or/and ligandsensitive Ca 2؉ channels, Ca 2؉ release from intracellular stores that amplifies further the Ca 2؉ signal is thought to be involved in more profound and lasting changes in neurons. The ryanodine receptor, one of the two major intracellular Ca 2؉ channels, has been an important target for studying Ca 2؉ signaling in brain functions, including learning and memory, due to its characteristic Ca 2؉ -induced Ca 2؉ release. In this study, we report regional and cellular distributions of the type-2 ryanodine receptor (RyR2) mRNA in the rat brain, and effects of spatial learning on RyR2 gene expression at mRNA and protein levels in the rat hippocampus. Using in situ hybridization, reverse transcription polymerase chain reaction, and ribonuclease protection assays, significant increases in RyR2 mRNA were found in the hippocampus of rats trained in an intensive water maze task. With immunoprecipitation and immunoblotting, protein levels of RyR2 were also demonstrated to be increased in the microsomal fractions prepared from hippocampi of trained rats. These results suggest that RyR2, and hence the RyR2-mediated Ca 2؉ signals, may be involved in memory processing after spatial learning. The increases in RyR2 mRNA and protein at 12 and 24 h after training could contribute to more permanent changes such as structural modifications during long-term memory storage. Zhao, W., Meiri, N., Xu, H., Cavallaro, S., Quattrone, A., Zhang, L., Alkon, D. A. Spatial learning induced changes in expression of the ryanodine type II receptor in the rat hippocampus. FASEB J. 14,
The spatiotemporal distribution of intracellular free Ca 2ϩ levels is critically involved in higher brain activities including learning and memory (1, 2) . During neuronal activation, elevation of cytoplasmic [Ca] i is initially generated by Ca 2ϩ influx through voltage-or ligand-gated Ca 2ϩ channels. Subsequently, activation of IP3 (IP3R) and ryanodine (RyR) receptors on the endoplasmic reticulum membrane leads to Ca 2ϩ release from intracellular stores, which further amplifies and/or prolongs Ca 2ϩ signals in specific subcellular compartments (3) (4) (5) . The IP3R is activated by the second messenger IP3 produced via action of phospholipase C, a membranebound enzyme, activity of which is largely associated with activation of G protein-coupled receptors. The RyR, on the other hand, is primed by the Ca 2ϩ signal per se, leading to Ca 2ϩ -induced Ca 2ϩ release (CICR) (6, 7) . Three different genes coding for isoforms of RyR have been identified and cloned (referred to as RyR-1, -2, and -3), among which the RyR2 gene appears to be the most ancient and conserved during evolution (8) . For all three isoforms of RyR, mRNA has been detected in the rabbit and mouse brain, with RyR2 mRNA showing the most abundant expression (9, 10) . In addition, ryanodine binding studies have also demonstrated distribution of RyRs in the rat (11) and avian (12) brain.
Originally found in muscle, CICR has also been demonstrated in neurons where intracellular Ca 2ϩ release from ryanodine receptors is found to be linked to Ca 2ϩ influx through voltage-dependent channels (13) (14) (15) . In cerebellar Purkinje cells, for example, Ca 2ϩ influx via activation of both ionotropic and metabotropic glutamate receptors is shown to be essential for subsequent RyR-mediated Ca 2ϩ release (15) . In addition, Ca 2ϩ release from intracellular stores via RyRs is reported to be required for induction of long-term potentiation in the hippocampus (16, 17) and long-term depression in both the hippocampus and cerebellum (17) (18) (19) . Thus, as it is in muscle, CICR appears to play a vital role in neuronal functions including those that regulate synaptic efficacy. Given the highly dynamic nature of Ca 2ϩ signaling in neural cells, it is not surprising that expression of Ca 2ϩ release channels is also subjected to change in response to neuronal activities. Indeed, using a differential display (RNA fingerprint) screening method, this laboratory (20) previously reported a temporary increase in RyR2 mRNA in regions of the rat hippocampus after a 1 day trial water maze training experience. Systematic distribution of RyR2 mRNA in the rat brain and the actual protein levels, however, were not examined, particularly as a function of intensive training. In this paper, we studied the regional and cellular distribution of RyR2 mRNA in the rat central nervous system (CNS), as well as expression of RyR2 mRNA after an intensive training experience in the Morris water maze (MWM) task, which produces long-lasting spatial memory (21) . Changes in RyR2 at the protein level were also investigated using immunoblotting and immunoprecipitation.
MATERIALS AND METHODS

Water maze training
Male 60-to 90-day-old Wistar rats (200 -250 g) were used in the MWM training paradigm. Rats were housed in standardized conditions described elsewhere (20) . To familiarize rats with the experimental environment and behavioral activity, all rats were subjected during the first day of experiments to 2 min of swimming in a 1.5 m (diameter) x 0.6 m (depth) pool, with water temperature set at 25 Ϯ 1°C. On the following day, rats were divided into different groups and trained in a 4-trial MWM task, each trial lasting up to 2 min. During training rats learned to escape from water by finding an unseen rigid platform submerged ϳ1 cm below the water surface. For rats to locate the platform using spatial memory, the platform was placed in a fixed location in the pool during the course of training. The escape latency during each trial was measured. In some cases, rats unable to find the platform within 2 min in the first trial were guided to it by the experimenter. If, however, the escape latency for any rat exceeded 2 min after the first trial, the animal was eliminated from the experiment. This 4-trial training task was repeated for 4 consecutive days. For the purpose of histo-and biochemical examinations, a designated number of rats from each group were killed, by decapitation, at 12 or 24 h after the fourth training day; their brains were rapidly removed, frozen on dry ice, and stored at Ϫ80°C before use. Control animals were subjected to the same swimming trials except that the platform was removed from the pool. Those controls were also killed at 12 or 24 h after the last swimming trial.
To assess memory retention of rats after training, the rats remaining in each group were subjected to a quadrant test at 12 or 24 h after the fourth day of training. During testing, rats swam for 1 min in the pool where the platform was removed. A map of their swimming route was drawn by the experimenter, from which the number of crossings of each quadrant by each trained and control rat was counted.
The experiments were carried out under the guidelines of NIH regulations for the Care and Use of Animals for Scientific Purposes.
Preparation of brain slices
Brains from naive, trained, and swimming control rats were sectioned at 12 m in a cryostat at Ϫ20°C. Sections were collected on silanated glass slides (DIGENE) and dried at room temperature before being returned to Ϫ80°C for storage.
Preparation of the RyR2 riboprobe for in situ hybridization
A fragment of cDNA corresponding to bases 1-360 of the previously characterized rat RyR2 mRNA (GeneBank accession no.: U95157) was synthesized by polymerase chain reaction (PCR) from the 1.6-kb RyR2 cDNA plasmid using specific primers (forward: AATCAAAGTGGCGGAATTTCTTG; reverse: TCTCCCTCAGCCTTCTCCGGTTC). This fragment, which was found to share no significant homology with cDNA sequences of the type 1 and 3 RyRs or with any other sequence expressed in the rat brain, was subcloned into the Srf I cloning site of pPCR-Script Amp SK(ϩ) vector (Stratagene, San Diego, Calif.). The orientation of the insert was determined by DNA sequencing. After linearization with the restriction enzyme BamHI, the RyR2 cDNA-inserted vector was used as a template for riboprobe synthesis with the MAXIscript in vitro transcription kit (Ambion, Austin, Tex.). The sense and antisense riboprobes were synthesized with T7 or T3 RNA polymerase (Ambion), respectively, in the presence of 1 g RyR2 DNA template, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, and 2 mM [␣- 35 S] UTP (Ͼ1000 Ci/mmol, NEN). The transcribed product was purified on a Sephadex G-25 spin column (5 Prime-3 Prime, Inc.), and the final labeling to the probe was assessed by scintillation counting.
In situ hybridization (ISH)
Brain slices were fixed for 5 min in 4% formaldehyde, acetylated, and dehydrated in graded ethanol. Fifty microliters of the RyR2 riboprobe (1ϫ10 6 cpm) was applied to each slide holding three sections and hybridized in a mixture containing 20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 300 mM NaCl, 50% formamide, 10% dextran sulfate, 1ϫ Denhardt's solution, 4 g/ml salmon sperm DNA, 10 g/ml yeast total RNA, 10 g/ml yeast tRNA, 100 mM DTT, 0.1% sodium dodecyl sulfate (SDS), 0.1% NTS. Hybridization was carried out at 55°C for 20 h. Sections pretreated with RNase or incubated with the sense probe during hybridization were used as negative controls. After high-stringency posthybridization washes and RNase treatment, brain sections were dehydrated in graded ethanol. Slides were then subjected to film autoradiography for brain regional resolution and to liquid emulsion autoradiography for analysis of hybridization signals at the cellular level.
Reverse transcription (RT)-PCR
Trained and control rats were killed 12 or 24 h after training by decapitation, and their hippocampi were rapidly dissected and frozen on dry ice. The hippocampal total RNA from each rat was extracted using the RNA Isolator (Genosys). Single-strand cDNAs were then synthesized in a reverse transcription reaction in the presence of 3 g total RNA and the first-strand cDNA synthesis mix (Novagen, Madison, Wis.) containing 0.5 g oligo (dT) 0.5 mM dNTPs, 60 M [␣-32 P] dATP, 10 mM DTT and 100 U MMLV reverse transcriptase. Amplification of a 157 bp RyR2 cDNA fragment was performed on a DNA thermal cycler 480 (Perkin-Elmer, Norwalk, Conn.) through a 23 cycle PCR reaction (94°C 1 min, 55°C 1 min, and 74°C 2 s) with primers 5Ј-CTACTCAGGATGAGGTGCGA-3Ј (forward), and 5Ј-CTCTCTTCAGATCCAAGCCA-3Ј (reverse). To control for possible experimental errors crossing each individual sample, primers (forward: 5Ј-AGGTGCTCAACAACATGGAG-3Ј; reverse: 5Ј-TACCAGAGGCCACAGTAGCT-3Ј) synthesizing a 183 bp rat phosphoglycerate kinase 1 (PGK1) cDNA fragment (20) were included in the PCR amplification. The final PCR products were separated on a 2% agarose gel and visualized with ethidium bromide. To quantify the results, optic density of the PCR product bands was measured using the NIH Image 1.6 program. Alternatively, the PGK1 or the RyR2 band was excised from the agarose gel, placed individually in 100 l water and melted at 60°C. After addition with scintillation fluid, the radioactivity of each above band from each sample was counted in a scintillation counter.
Ribonuclease protection assays (RPA)
Hippocampal total RNA from control and trained rats were prepared as described above. The RyR2 cDNA fragment (bp 1-360) subcloned into the pPCR-Script Amp SK (ϩ) vector was digested at base 657 of the vector with the KpnI restriction enzyme. Using this template, a 475 bp riboprobe (including the RyR2 fragment and a part of the vector sequence) was synthesized with T3 polymerase using the MAXIscript in vitro transcription kit (Ambion). For the positive control, the pTRI-Actin-Mouse vector provided with the MAXIscript kit was used to synthesize a 304 bp riboprobe complementary to the mouse ␤-actin with T7 polymerase. Both RyR2 and ␤-actin riboprobes were labeled with [␣-32 P] UTP during synthesis. The RPA experiments were performed using the RPA III kit (Ambion), following the standard protocol provided by the manufacturer. Optimal concentrations for both probes were predetermined, with 8 ϫ 10 5 cpm of RyR2 probe and 8 ϫ 10 4 cpm of pTRI-Actin-Mouse probe applied together to 10 g total RNA from each rat for the hybridization. The protected fragments were separated by electrophoresis in a mini 6% denaturing polyacrylamide gel (Novex). The expected sizes for the protected RyR2 and ␤-actin mRNA fragments are 360 bp and 245 bp, respectively. Signals were analyzed with autoradiography.
Preparation of microsomal fractions from hippocampal tissues
Hippocampal microsomes were prepared using differential centrifugation. Briefly, hippocampi from each animal were individually homogenated, using a Teflon-glass homogenizer, in a homogenizing buffer containing 5 mM HEPES, pH 7.4, 0.32 M sucrose, and the protease inhibitor mixture (Boehringer Mannheim, Mannheim, Germany). The homogenate was diluted to 10% of wet weight of the tissue in the homogenizing buffer and centrifuged at 900 ϫ g for 5 min.
The supernatant was preserved and the pellet was resuspended in the homogenizing buffer and centrifuged at 900 ϫ g for 5 min. The supernatants from the above two steps were combined and centrifuged at 17,000 ϫ g for 15 min. The resulting supernatant from this step was again subjected to centrifugation at 100,000 ϫ g for 30 min. The pellet was harvested as the microsomal fraction and resuspended in 5 mM HEPES, pH 7.4, together with the protease inhibitor mixture (Boehringer Mannheim). Protein concentrations were measured using Bio-Rad protein assay reagent.
Immunoprecipitation of RyR
Hippocampal RyR proteins from each rat were immunoprecipitated with a monoclonal anti-RyR antibody, which reacts strongly with RyR2 but weakly with RyR1 (Research Diagnostics). Immunoprecipitation was carried out in a medium (0.5 ml) containing 50 mM Tris (pH 7.1), 300 mM NaCl, 10 mM EGTA, 2 mM EDTA, 1% Triton X-100, 0.3% ␤-mercaptoethanol, a dose of the protease inhibitor mixture mix, 10 g/ml microsomal protein, and 1 g anti-RyR antibody. The mixture was rocked at 4°C overnight. The washed protein A-agarose (Gibco BRL, 30l) was added and the mixture rocked at 4°C for two more hours. After washing with the above immunoprecipitation buffer three times, the protein A agarose beadsample complex was mixed with 20 l of SDS-PAGE (SDSpolyacrylamide gel electrophoresis) sample buffer, boiled for 10 min, and subjected to SDS-PAGE.
Immunoblotting
Hippocampal microsomes (10 g total protein) or immunoprecipitated RyR from each rat was electrophoresed on a 4 -20% mini-gradient SDS gel (Novex),, followed by transfer to a nitrocellulose membrane. For quantitation, microsomal fractions with a series of total protein concentrations were also separated with SDS-PAGE transferred to a nitrocellulose membrane. The membrane was then blocked with 5% milk in 10 mM phosphate-buffered saline (PBS), pH 7.4, at room temperature for 30 min and washed with PBS for 10 min. Incubation of the membrane with the anti-RyR antibody (1:2000) dissolved in PBS containing 0.1% Tween-20 (PBS-T) was performed at 4°C overnight with constant shaking. After application of a secondary antibody, the immunoreaction signal of RyR was detected with an indirect chemiluminescent process.
Data analysis
ISH signals in film autoradiography were quantified by measuring optical density of the target brain regions (CA1, CA3 of the hippocampus and dentate gyrus) using the NIH IMAGE 1.6 program. Integrated density in those areas of rat brains from each group was normalized as percent integrated density from naive animals. Data from five animals in each group were statistically analyzed using a 2-way analysis of variance (ANOVA). Slides processed in the liquid emulsion autoradiography were observed with a Zeiss Axioskop microscope and signals in target areas were photographed with an attached camera. Results were analyzed, using the NIH Image 1.6 program, by counting the reduced silver grains within cells that represent labeled mRNA signals. Grains in each individual cell were counted; results from 50 similar sized cells in each brain area from each animal were averaged and analyzed in a 1-way ANOVA.
Results from immunoblots, RT-PCR, and RPA were measured by densitometry using the NIH Image 1.6 program. Values for the protein, DNA, or RNA signal from each animal from both trained and swimming control groups were converted to percent of naive, and analyzed using 2-way ANOVA.
RESULTS
Distribution of RyR2 mRNA in the rat CNS
RyR2 mRNA was shown to be widely expressed in the rat CNS with high concentrations in the internal granular layer of the olfactory bulb, frontal cortex, pyriform cortex, hippocampal CA3 area, dentate gyrus, amygdalohippocampal area, cerebellar cortex, and the dorsal horn of the spinal cord gray matter (Fig. 1) . In the olfactory area, RyR2 mRNA was shown to be concentrated in the internal granular layer (LGI), the anterior olfactory nucleus, and the olfactory tubercles (tu) (Fig. 1A) . The expression of RyR2 mRNA at the cellular level of LGI was shown in Fig. 2 (panel 1) . In the neocortex, highly concentrated RyR2 mRNA signals were seen in the frontal cortex (Fig. 1A-C) ; lower levels of the signal were present in the more posterior part (Fig. 1C, D) , where the signal was distributed mainly in the neurons of layers V-VI and moderately in the layers II-III. In the hippocampal formation, high levels of RyR2 mRNA signal were detected in the dentate gyrus and CA3. Moderate expression was seen in the CA1 and entorhinal cortex, (Fig. 1C, D) . Within the hippocampus, RyR2 mRNA signal is expressed predominately in granule cells of the dentate gyrus and pyramidal cells of the CA1 and CA3 area (Fig. 2,  panels 3-5) . High-intensity labeling was also revealed in other areas such as pyriform cortex and amagdaloid complex, which have input to and/or output from the hippocampus. RyR2 mRNA was also highly concentrated in the cerebellar cortex (Fig. 1F) , expressed in both Purkinje and granule cells (Fig. 2,  panel 2) . Neurons in the gray matter of the spinal cord were also shown to express RyR2 mRNA, with the dorsal horn area revealing the strongest labeling (Fig. 1G) . LGI, internal granular layer of the olfactory bulb; CFm, frontal cortex, motor area; CFs, frontal cortex, somatosensory area; CCi, cingulate cortex, anterior part; Aop, anterior olfactory nucleus, CPf, pyriform cortex; tu, olfactory tubercle; HIA, anterior hippocampus; Ahi, amygdalohippocampal area; inc, insular(rhinal) cortex; CPm, parietal cortex, motor area; CPs, parietal cortex, somatosensory area; CA1, hippocampal CA1 area; CA3, hippocampal CA3 area; DG, dentate gyrus; CC, cingulate cortex, posterior part; CO, occipital cortex; Ce, entorhinal cortex; CTe, temporal (auditory) cortex; S, subiculum; CL, cerebellar lobules; PFI, parafloculus; FI, floculus; V, vermis; Py, pyramidal tract; DH, dorsal horn of the spinal cord gray matter; VH, ventral horn of the spinal cord gray matter.
Panels H and I in Fig. 1 showed that RyR2 riboprobe incubated with RNase-pretreated sections and that brain sections incubated with the sense probe produced no labeling, indicating the specificity of the RyR2 antisense riboprobe. The overall distribution of RyR2 mRNA in the rat brain is listed in Table 1 .
Learning and memory retention
The escape latency was significantly reduced after the first trial (Fig. 3) . By the fourth trial of the first training day, rats were able to find and reach the platform within 20 s. In the after 3 days of training, all rats were able to rapidly locate the platform for escape, demonstrating clear evidence of learning. A 1-way ANOVA showed that the escape latency in the first trial of day 1 of training was significantly different from that in all subsequent trials given on days 1, 2, 3, and 4 of training [F(15, 239)ϭ6, PϽ0.001]. When tested in a quadrant test at 12 and 24 h after the fourth day of training, the trained rats spent a significantly longer time swimming in the quadrant where the platform was previously placed, whereas the swimming controls moved across all quadrants equally (Fig. 3B) . A one-way ANOVA yielded signifi- 
Changes in RyR2 mRNA level after spatial leaning
Brain sections from trained and control rats hybridized with the RyR2 riboprobe showed a significant increase in the relative levels of RyR2 mRNA in the hippocampal CA1 and CA3 and the dentate gyrus (DG) area both 12 and 24 h after the MWM experience (Fig. 4A) . Two-way ANOVAs produced significant group effects in the CA1 [F(1, 48) (Fig. 4B) and CA3 (Fig. 4C) area as well as the granule cells of dentate gyrus (Fig. 4D) .
This change in RyR2 mRNA was further examined by RT-PCR and RPA. Primers specific for RyR2 and PGK1 gave, respectively, a 157 bp (for RyR2) and a 183 bp (for PGK1) PCR amplificate. Samples from trained rats killed 12 or 24 h after training presented a small (23Ϯ6%) but significant increase in synthesized RyR2 cDNA fragment. A 2-way ANOVA yielded a significant group effect [F(1, 8)ϭ54.35, PϽ0.001], but there was no obvious difference in PGK1 cDNA between trained and control rats (Fig. 5A) . Since the level of the PCR products reflected the amount of their mRNA from which single-strand cDNAs were reverse-transcribed, these results indicate that the mRNA level for RyR2 was increased after training.
In RPA, a 360 bp protected mRNA band, was resolved with the RyR2 riboprobe. Consistent with both in situ hybridization and RT-PCR analyses, the densitometry measurement for RPA indicated that levels of hippocampal RyR2 mRNA from trained animals killed either 12 or 24 h after training were 18 -20% higher than that from the swimming controls. A 2-way ANOVA produced a significant group effect [F (1, 8)ϭ16 .66, Pϭ0.003]. For positive control as well as control for experimental errors across test tubes, the mouse pTRI-actin riboprobe was coapplied with RyR2 probed during hybridization. This probe resolved a major 245 bp protected band in the rat hippocampus, indicating a high homology in nucleotide sequence of the ␤-actin gene between the mouse and the rat. This ␤-actin mRNA band showed no apparent differences across samples from either the control or trained rats. In addition, a weak 160 bp protected band, which was not altered by training, was also produced by the pTRI-actin probe, probably due to cross-hybridization of the probe with a different mRNA in the rat hippocampus.
Changes in RyR2 protein level after spatial leaning
To test whether the training-induced increase in RyR2 mRNA level leads to a change in amount of the receptor protein, we used immunoblotting and immunoprecipitation to measure the levels of the RyR protein from hippocampal microsomes prepared from trained and control rats. The monoclonal anti-RyR antibody recognized a protein band with an apparent molecular mass of 550 kDa in the hip- Figure 4 . Changes in hippocampal RyR2 mRNA after training measured by ISH. Rats trained on MWM task were killed 12 h or 24 h after training, respectively. Brain sections were prepared, followed by ISH process with the RyR2 riboprobe (see Materials and Methods). The labeled signal in the hippocampus was visualized with film (A) and liquid emulsion (B-D) autoradiography and quantified with NIH Image 1.6 program. For film autoradiography, the optical density values from trained and swimming controls were normalized against values from naive animals and subjected to a 2-way ANOVA. The pictures in panel A show the representative images from trained and control animal 12 and 24 h after training. The bar graph gives mean results of labeling in the CA1, CA3, and DG areas from each group of five animals. In the case of liquid emulsion autoradiography, the reduced silver grains representing RyR2 mRNA within the pyramidal or granule cell were counted. Values from 50 cells for each area from each animal were averaged, followed by 1-way ANOVA. B, C) RyR2 mRNA signals in the pyramidal cell of CA1 and CA3 area, respectively. RyR2 mRNA in the granule cell of DG is shown in panel D. The microscopic pictures are representative images from naive, swimming control, and trained rats killed at 12 h after training, whereas the scattered graphs show results from the total number of rats in each group. Naive rats: nϭ3; swimming control and trained groups: nϭ5.
pocampal microsomal homogenate. The intensity of the antibody-antigen reaction was basically linear with the amount of total protein loaded on the gel (Fig. 6A) . Samples from trained rats demonstrated significantly higher immunoreactivity compared with that from naive and the swimming control rats (Fig.  6B) , indicating a higher level of RyR protein present in microsomal tissues from trained animals. A 2-way ANOVA yielded a significant group effect [F (1, 8) ϭ85.57, PϽ0.001]. Immunoprecipitation experiments also produced similar results (data not shown). Since the antibody used strongly reacts with the type 2 RyR, the protein band detected here by the antibody should represent mainly the RyR2 protein.
DISCUSSION
The present results describe the distribution of RyR2 mRNA in the rat brain and spinal cord, as well as changes in expression of RyR2 mRNA and protein in the rat hippocampus after spatial learning. The specific riboprobe for RyR2 mRNA produced clear and strong RyR mRNA signals in specific areas of the rat CNS. In the forebrain, RyR2 mRNA signal is particularly concentrated in the frontal cortex, olfactory regions, and the limbic system including amygdaloid complex, pyriform cortex, entorhinal cortex, and the hippocampus. The pattern of distribution of RyR2 mRNA in the forebrain is basically consistent with that in the rabbit and mouse forebrain reported previously (9, 10) . Almost all the above areas are either directly or indirectly connected with the hippocampus. For example, the entorhinal cortex, which gives a major projection to dentate gyrus via the perforant path, receives input from the olfactory bulb, pyriform cortex, amygdala, amygdaloid complex, etc. Receiving input from dentate gyrus via mossy fibers, the CA3 area sends output to the CA1 area via the Schaffer collaterals. The CA1 then projects back to the entorhinal cortex and other regions, including the amygdala and specific areas of the frontal cortex (22, 23) . Thus, given the major RPA. The RyR2 and ␤-actin riboprobes were coapplied to hippocampal total RNA during hybridization. Protected 360 bp RyR2 and 245 bp ␤-actin mRNA bands were resolved on a 6% denaturing polyacrylamide gel, followed by autoradiogra- RNA from individual rats from each group was extracted, followed by a reverse transcription as described in Materials and Methods. Specific primers were used to synthesize, respectively, a 157 bp RyR2 and a 182 bp PGK1 cDNA fragment. The PCR products were separated on a 2% agarose gel and visualized with ethidium bromide staining. B) Results from functions controlled by these brain regions, the pattern of RyR2 mRNA distribution suggests that this intracellular Ca 2ϩ receptor/channel plays important roles in higher brain functions such as cognition, emotion, learning, and memory.
In the cerebellar cortex, the RyR2 mRNA signal was revealed in both Purkinje and granule cells, which is consistent with observations on RyR2 in the rabbit (9) . Since a GeneBank search shows no homology of the RyR2 cDNA sequence used to produce the riboprobe with cDNA of other isoforms of RyR, the result obtained is unlikely due to a cross-hybridization of the probe with mRNA of RyR1, which is found to be highly concentrated in the cerebellar Purkinje cell (9, 10) . In the spinal cord, the RyR2 mRNA signal is localized mostly in the dorsal horn area where neurons give ascending projections to the brain (24) .
The second part of our results indicates that the expression of RyR2 mRNA and the levels of RyR2 receptor protein were both increased with correlation to spatial learning. After 4-trial training for four consecutive days, rats developed a clear spatial memory, as measured by the escape latency and quadrant test. Because the hippocampus has been demonstrated to be critically important for spatial learning by lesion, electrophysiology, and behavioral studies (25-28), we focused our search for memory-related gene expression changes on this area. An increase in RyR2 mRNA level was detected in hippocampus at 12 and 24 h after training, as assessed by in situ hybridization, RT-PCR, and RNase protection assays. When rats were trained using a shorter training protocol (20) , RyR2 mRNA was increased at 6 and 12 h after a single day of 4-trial training experience and returned to the control level when measured 24 h after training. The results of both studies, therefore, indicate that changes in RyR2 mRNA levels are related to the intensity of training. More intense training tasks that produce stable long-term memory may lead to a longer lasting change in RyR2 mRNA level. This training-dependent correlation of the RyR appears to be in accord with existing results showing that expression of RyR in the muscle and the brain of both mammals and birds was increased after birth (7, 29, 30) .
As for all in situ hybridization, RT-PCR and RNase protection assay methods measure differences in the relative levels of labeling. It is not clear whether the increased RyR2 mRNA levels after training are due to an increase in transcription, mRNA stability, or both. The results with immunoblotting and immunoprecipitation, however, revealed an increase in the RyR2 protein levels after training, suggesting that the elevated RyR2 mRNA is translated into new receptor proteins. Ca 2ϩ signaling associated with RyR functions has been hypothesized to be an important mechanism underlying memory processing (2), although the detailed and precise role of RyR2 in memory formation, particularly in different stages of memory processing, remains to be determined. Like other receptors, RyRs may undergo posttranslational modifications such as phosphorylation during neuronal activation without changes in its transcription and translation level. Several protein kinases are known to be activated during neuronal stimulation. These include protein kinase C, Ca 2ϩ /calmodulin-dependent protein kinase II, and cAMP-dependent protein kinase, some of which have Figure 6 . Immunoblotting results demonstrating changes in RyR2 protein level after training. Hippocampal microsomes were separated on 4 -20% SDS-PAGE, followed by transfer to a nitrocellulose membrane. The RyR protein was detected, in an immuno-chemiluminescent process, by an anti-RyR antibody that strongly reacts with RyR2. The immunoreactive signal was measured by densitometry. A) Density of the signal is basically linear with the amount of the protein loaded on the gel. B) The gel picture shows results from a representative immunoblot and the bar graph summarizes the statistical results from the total number of rats. n ϭ 3, *P Ͻ 0.01. been shown to be associated with learning and memory (31) (32) (33) (34) (35) (36) (37) (38) . These kinases also phosphorylate RyR (39, 40, 33) . Through phosphorylation, properties of RyR (such as its sensitivity toward Ca 2ϩ and the channel conductance) can be modulated, perhaps regulating thereby the activation of the receptor (5, 39 -42) .
Whereas posttranslational changes and the protein-protein interaction of RyR are likely to be associated with short-term changes immediately after learning, a permanent modification involving protein synthesis and structural changes in synapses may be induced during long-term memory storage. Amplified Ca 2ϩ signals elicited during short-term memory by positive feedback mechanisms (e.g., CICR) may trigger new transcriptional processes in the nuclei via activation of particular signal transduction pathways such as Ras-Raf-MEK mitogen-activated protein kinase pathways. Specific learning-induced changes in mitogen-activated protein kinases have indeed been demonstrated in our lab recently (43) . It is possible, therefore, that the intense training experience activates diverse signaling pathways leading to synthesis of new RyR, perhaps ultimately initiating more permanent changes during longterm memory storage.
